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Aim. To estimate WaaL ligase contribution in the lipopolysaccharide (LPS) phenotype profile formation of Y. en-
terocolitica O:3 (YeO3) bacteria. Methods. The waaL-knock-out mutants were created by an allelic exchange
strategy. The LPS phenotypes of created mutants were visualized by silver-stained DOC-PAGE and immunoblot-
ting with specific outer core (core oligosaccharide, hexasaccharide, OC) and O-polysaccharide (OPS or O-Ag)
monoclonal antibodies. Results. Deletion of waaL
OS
gene from YeO3 genome has a marked effect on OC ligation
in either single or double mutants. The waaL
PS
deletion has an opposite effect on the OPS ligation – barely
detected increasing of OPS bands. Conclusions. The LPS ligases of YeO3 exhibit relaxed donor substrate spe-
cificity. Under given conditions the effect of WaaL
OS
ligase is more significant for OC and OPS ligation onto lipid
A than that of WaaL
PS
.
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Introduction. In Europe, yersiniosis is the third most
common bacterial zoonosis after campylobacteriosis
and salmonellosis [1]. Y. enterocolitica is a well known
human and animal pathogen. Among humans, the path-
way of Y. enterocolitica is associated with intestinal di-
sease, such as enterocolitis, with inflammatory diarrhea,
ileitis, mesenteric appendicitis and gastroenteritis. A di-
arrheal disease is sometimes followed by post-infecti-
ous reactive arthritis.
It is well known that all Gram-negative bacteria con-
tain an outer leaflet with a large amount of lipopolysac-
charide (LPS). LPS is a glycolipid consisting of three
domains: the lipid A moiety, the core and the distal O-
polysaccharide (OPS or O-Ag). The homopolymeric
O-Ag is composed of1,2-linked 6-deoxy-L-altrose re-
sidues. Together with the hexasaccharide core, the O-
Ag is linked to the inner core (IC) of LPS to form a bran-
ched structure [2]. The antigenic variations of OPS in
the Y. enterocolitica isolates are distinguished serologi-
cally. Nowadays, more than 50 serotypes are known, of
which O:3, O:5, 27, O:8 and O:9 are pathogenic [3].
The LPS biosynthesis is a complex process that in-
cludes the stepwise transformation of the primary sub-
strate under enzymatic treatment. The WaaL proteins
are involved in the ligation of OC and O-Ag onto the li-
pid A core. According to the in silico investigations,
the Y. enterocolitica O:3 (YeO3) genome contains at
least three genes responsible for the WaaL proteins ex-
pression. Yersinia pestis and Yersinia pseudotubercu-
losis, however, carry only the waaLPS gene, whereas ei-
therwaaLOS orwaaLXS or both are additionally present in
other Yersinia species.
It was shown that deletion ofwaaLOS and waaLPS ge-
nes correlate with the OPS and the OC expression. For
this purpose LPS ligases were named as WaaLPS and
WaaLOS respectively. The third ligase named as WaaLXS
was not involved in the LPS or ESA biosynthesis [4].
The current study is aimed at the estimation of a ro-
le of the ligases in the Y. enterocolitica’ LPS phenotype
profile formation. The waaL-knock-out mutants of YeO3
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were created by the allelic exchange strategy. Pheno-
types of created mutants were visualized by silver-stai-
ned DOC-PAGE and immunoblotting with specific OC
and O-Ag monoclonal antibodies.
Materials andmethods. Bacterial strains and cul-
ture conditions. Bacterial strains are listed in Table.
Yersinia strains were grown at 22–25 oC (RT) and Es-
cherichia coli strains at 37 oC in Luria Broth (LB) me-
dia. LB supplemented with 1.5 % Bacto Agar was used
for all solid cultures. As a selective medium CIN agar
supplemented with appropriate antibiotics was used.
When appropriate, the antibiotics were added to the me-
dia at the following concentrations: kanamycin (Km),
100 µg/ml in agar plates and 20 µg/ml in broth; chlo-
ramphenicol (Clm), 20 µg/ml.
General DNA techniques. Isolation of plasmids and
genomic DNA was done with kits. All enzymes were
used according to the supplier’s specifications. Small-
scale plasmid DNA preparations were carried out using
plasmid mini prep kits. Plasmid DNA was moved by
electroporation into Y. enterocolitica or heat shock trans-
formation. Recombinant plasmids were mobilized from
E. coli strains to Y. enterocolitica by conjugation.
Mutants construction. The waaLOS and waaLPS ge-
nes were amplified by PCR with primer pairs O3lig
YE1727F5 & O3ligYE1727R5 and O3ligYE532F2 &
O3ligYE532R2 with DyNAzyme DNA-polymerase
(«Thermo Scientific», USA) from isolated genomical
DNA of YeO3. Amplified DNA was purified with Kit
method and digested with NsiI (Mph 1103I) for the
waaLOS gene and PstI for waaLPS. The digested and pu-
rified fragments were cloned into the PstI digested suici-
de vector pSW23T and the constructed plasmids were
named as pSW23T-waaLOS and pSW23T-waaLPS respec-
tively. The constructions were mobilized from E. coli
7249 into YeO3 strains by conjugation as described
earlier [5]. For elimination of suicide vector and the wild-
type genes, the optimized cycloserine enrichment me-
thod was used [5].
For large-scale screening of knock-out mutants
among Clm sensitive bacteria (ClmS) colonies we used
Colony hybridization kit method («Roche», France).
Isolated genomical DNA from negative colonies were
diluted and used as a template for PCR with different
primer pairs. DNA of wild-type strain YeO3 was used
as a control.
Complementation. The waaLOS and waaLPS genes
were amplified with Phusion DNA polymerase from
YeO3-c with O3ligYe1727f & O3ligYe1727r, O3lig
Ye532f & O3ligYe532r primer pairs. PCR fragments
were phosphorylated with polynucleotide kinase in the
presence of 10 mM ATP, digested with EcoRI and liga-
ted with EcoRI and ScaI digested, SAP-treated pTM100.
The constructed plasmids were named pEPlig1727 &
pEPlig532 and electroporated into S17-1 pir with fur-
ther mobilization into YeO3 ligase mutants by conjuga-
tion. Obtained colonies were screened on appropriate
antibiotic plates with CIN agar [4].
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Strain Genotype Reference
Yersinia enterocolitica
6471/76 YeO3 wild type strain, patient isolate [6]
6471/76-c YeO3-c virulence plasmid cured derivative of 6471/76 [6]
YeO3_os waaLOS::pSW23Tlig1727su This work
YeO3_ps waaLPS::pSW29-lig532del, Km
R
This work
YeO3_os_ps waaLOS::pSW23T-lig1727su waaLPS::pSW29-lig532del, Km
R
This work
Escherichia coli
7249 B2163 nic35, E. coli strain for suiside vector delivery, requirement for diaminopimelic acid 0.3 mM, Km
R
[7]
S17-1pir A-pir lysogen of S17-1, E. coli strain for suiside vector delivery [8]
DH10B
F-mcrA (mrr-hsdRMS-mcrBC), 80lacZM15 lacX74 recA1 endA1 araD139 (ara, leu)7697 galU
galK -rpsL nupG tonA
Life Tech-
nologies
Bacterial strains
DOC-PAGE analysis. The bacteria were grown 16–
20 h at RT in 5 ml of LB medium with appropriate an-
tibiotics. The exact optical density of the cultures was
measured at 600 nm (OD600), 3 ml of the cultures were
centrifuged and the pellets were resuspended in deoxy-
cholate lysis buffer (2 % DOC, 4 % 2-mercaptoethanol,
10 % glycerol and 0.002 % bromophenol blue in 1 M
Tris-HCl buffer, pH 6.8) in a volume adjusted accor-
ding to density of the culture (100 	l/OD600 ~ 1). Lypo-
polysaccaride phenotypes were analyzed by silver stai-
ned DOC-PAGE with previous proteinase K treated
whole cell lysates [4]. The Western blotting O-polysac-
charide, outer core and inner core expression were de-
tected by O:3 specific mAbs 2B5 and TomA6.
Results and discussion. Mutants construction. The
waaLOS and waaLPS mutants of YeO3 were constructed
from fully virulent serotype O:3 patient isolate expres-
sing complete LPS. With help of the allelic exchange
strategy we managed to inactivate waaLOS and waaLPS
encoding regions in the YeO3 genome. The construc-
ted single and double mutants were complemented with
the pEPlig1727 & pEPlig532 plasmids, which were sup-
plemented with the functional waaL gene.
Traditional cycloserine enrichment method was ad-
ditionally optimized [5]. The possibility was conside-
red that constructed merodiploids (MD) are not fully re-
sistant to Clm, as it should be (weak operon, etc.). To
examine this possibility we tested several lines of condi-
tions (concentration of Clm, incubation time, density of
bacteria, etc.). According to these experimental data, the
next improvements were done: reducing the Clm con-
centration in media to 2.5 	l v/v (instead of 10 	l v/v)
and prolongation of incubation to 4–5 h (instead of 2–3
h) before D-cycloserition solution was added. A current
modification of the method allowed us to pick up only
bacteria after second crossing over (Fig. 1).
The colony hybridization method was used for spe-
cific detection of deletion in the waaL gene among
ClmS. Further justifications of deletion were performed
by PCR (Fig. 2).
Phenotype analysis. We used two approaches to
analyze the difference in the expression of OC and O-
Ag: 1) Silver staining of DOC-PAGE; 2) Immuno-
blotting with OC and O-Ag specific antibodies.
It is noticeable from silver staining of DOC-PAGE
that deletion in the waaLOS gene leads to a dramatic de-
crease in the OC expression and appearance of strong IC
band (Fig. 3). However, the level of O-Ag expression
reduced, as well, compared to the mutant with deletion
in the waaLPS gene. The deletion in the waaLPS gene
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Fig. 1. Optimization of cycloserine en-
richment method: 1 – YeO3 wild ty-
pe (WT), 2.5 	l v/v; 2 – WT, 5 	l v/v;
3 – WT, 10 	l v/v; 4 – merodiploids
(MD), 2.5	l v/v; 5 – MD, 5	l v/v; 6 –
MD, 10 	l v/v
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Fig. 2. Amplification of waaL
OS
gene
by PCR with pair of primers O3lig
Ye1727f & O3ligYe1727r: 1–11 –
checking colonies; 12 – gene ruler; 13 –
waaL
OS
-knock-out mutant; 14 – YeO3
wild type control
seems to be insignificant for the OC expression and even
to stimulate the OPS formation. In case of the double
YeO3_os_ps mutants, it is noticeable a strong ex-
pression of IC bands, the absence of OC in both vari-
ants and the absence of O-Ag expression in one variant.
Western blotting analysis of LPS samples of the
YeO3 ligase mutants and their complementation of sin-
gle and double mutants were performed with the OC-
specific mAb 2B5 and O-Ag-specific mAb TomA6
(Fig. 4). The deletion in the waaLOS gene resulted in re-
duction of the OC expression, as it was shown with sil-
ver staining of DOC-PAGE. Also, the waaLOS-knock-
out mutant complemented with the functional waaLOS
gene showed full recovery of OC and the decreasing of
O-Ag expression at the same time.
Similar results were obtained with the double mu-
tant and complementation variants. The LPS profile of
the double YeO3_os_ps mutant in immunoblotting
was similar to that with silver staining where only the
O-Ag expression took place. The complementation with
the functionalwaaLOS andwaaLPS genes showed inhibi-
tion of O-Ag expression and full recovery of OC in both
cases. Disruption in the waaLPS gene as a single muta-
tion leads to hardly noticeable stimulation of the O-Ag
expression.
Thereby, the data obtained from silver staining and
immunoblotting of DOC-PAGE evidence the participa-
tion of WaaL ligase in the LPS phenotype creation. How-
ever, strict substrate specificity of the LPS ligase in YeO3
was not detected.
Conclusions. Summarizing the obtained data we
can conclude that the LPS ligases of YeO3 exhibit rela-
xed donor substrate specificity. It has been established
that under given conditions the effect of the WaaLOS li-
gase is more significant for the OC and OPS ligation on-
to lipid A than for the WaaLPS ligase. It is possible that
deletion of the waaLOS and waaLPS genes and changes
in the OC or O-Ag moieties of LPS enhance the ability
of pathogen to evade host defenses. Further work is re-
quired to elucidate the biological significance of these
different settings.
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Fig. 3. Silver-stained DOC-PAGE
analysis of LPS phenotypes of dif-
ferent ligase mutants
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Fig. 4. Immunoblot analysis of LPS phenotypes of waaL mutants of
YeO3. DOC-PAGE membrane was probed with mAb 2B5 and TomA6
Âïëèâ äåëåö³é ãåí³â ë³ãàç waaL íà ôåíîòèï ë³ïîïîë³ñàõàðèä³â
ó áàêòåð³é Yersinia enterocolitica O:3
Þ. ². Øåâ÷åíêî , Â. Ê. Ïîçóð, Ì. Ñêóðíèê
Ðåçþìå
Ìåòà. Äîñë³äèòè ó÷àñòü ë³ãàç WaaL ó ôîðìóâàíí³ ôåíîòèïó ë³ïî-
ïîë³ñàõàðèäó (LPS) ñåðåä áàêòåð³é Y. enterocolitica O:3 (YeO3).
Ìåòîäè. Íîêàóòí³ ìóòàíòè ïî ãåíàõ ë³ãàç waaL ñòâîðåíî âíàñë³-
äîê îáì³íó àëåëÿìè. Ôåíîòèïè LPS îòðèìàíèõ ìóòàíò³â â³çóàë³-
çóâàëè, çàáàðâëþþ÷è ñð³áëîì ãåëü DOC-PAGE, à òàêîæ âèêîðè-
ñòîâóâàëè ³ìóíîáëîò ç³ ñïåöèô³÷íèìè ìîíîêëîíàëüíèìè àíòèò³-
ëàìè äî êîðó (êîðîâîãî îë³ãîñàõàðèäó, ãåêñàñàõàðèäó, ÎC) òà Î-
ïîë³ñàõàðèäó (OPS, O-Ag). Ðåçóëüòàòè. Äåëåö³ÿ ãåíà ë³ãàçè waaLOS
ç ãåíîìó áàêòåð³é YeO3 ÷èíèòü ïîì³òíèé âïëèâ íà ë³ãóâàííÿ ÎC
ÿê â îäèíî÷íèõ, òàê ³ â ïîäâ³éíèõ ìóòàíòàõ. Ïðîòå ìàí³ïóëÿö³¿ ç
ãåíîì ë³ãàçè waaLPS ïðèçâîäÿòü äî ëåäü ïîì³òíî¿ ñòèìóëÿö³¿ óò-
âîðåííÿ OPS. Âèñíîâêè. Ë³ãàçè LPS áàêòåð³é YeO3 äåìîíñòðó-
þòü íèçüêó ñóáñòðàòíó ñïåöèô³÷í³ñòü. Ó÷àñòü ë³ãàçè WaaLOS ó
ôîðìóâàíí³ ïîâíîö³ííî¿ ñòðóêòóðè LPS º ñóòòºâ³øîþ, àí³æ
WaaLPS, çà äàíèõ óìîâ.
Êëþ÷îâ³ ñëîâà: ë³ãàçè WaaL, LPS, Yersinia enterocolitica, DOC-
PAGE.
Âëèÿíèå äåëåöèé ãåíîâ ëèãàç waaL íà ôåíîòèï
ëèïîïîëèñàõàðèäîâ ó áàêòåðèé Yersinia enterocolitica O:3
Þ. È. Øåâ÷åíêî, Â. Ê. Ïîçóð, Ì. Ñêóðíèê
Ðåçþìå
Öåëü. Èññëåäîâàòü ó÷àñòèå ëèãàçWaaL â ôîðìèðîâàíèè ôåíîòè-
ïà ëèïîïîëèñàõàðèäà (LPS) ñðåäè áàêòåðèé Y. enterocolitica O:3
(YeO3). Ìåòîäû. Íîêàóòíûå ìóòàíòû ïî ãåíàì ëèãàç waaL ñî-
çäàíû âñëåäñòâèå îáìåíà àëëåëÿìè. Ôåíîòèïû LPS ïîëó÷åííûõ
ìóòàíòîâ âèçóàëèçèðîâàëè, îêðàøèâàÿ ñåðåáðîì ãåëü DOC-PAGE,
à òàêæå ñ èñïîëüçîâàíèåì èììóíîáëîòà ñî ñïåöèôè÷åñêèìè ìî-
íîêëîíàëüíûìè àíòèòåëàìè ê êîðó (êîðîâîìó îëèãîñàõàðèäó, ãåê-
ñàñàõàðèäó, OC) è Î-ïîëèñàõàðèäó (OPS, O-Ag). Ðåçóëüòàòû. Äå-
ëåöèÿ ãåíà ëèãàçû waaLOS èç ãåíîìà áàêòåðèé YeO3 îêàçûâàåò çà-
ìåòíîå âëèÿíèå íà ëèãèðîâàíèå OC êàê â îäèíî÷íûõ, òàê è äâîé-
íûõ ìóòàíòàõ. Îäíàêî ìàíèïóëÿöèè ñ ãåíîì ëèãàç waaLPS ïðèâî-
äÿò ê åäâà çàìåòíîé ñòèìóëÿöèè îáðàçîâàíèÿ OPS. Âûâîäû. Ëè-
ãàçû LPS áàêòåðèé YeO3 äåìîíñòðèðóþò íèçêóþ ñóáñòðàòíóþ
ñïåöèôè÷íîñòü. Ó÷àñòèå ëèãàçû WaaLOS â îáðàçîâàíèè ïîëíîöåí-
íîé ñòðóêòóðû LPS ÿâëÿåòñÿ áîëåå ñóùåñòâåííûì, ÷åì WaaLPS,
ïðè äàííûõ óñëîâèÿõ.
Êëþ÷åâûå ñëîâà: ëèãàçû WaaL, LPS, Yersinia enterocolitica, DOC-
PAGE.
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